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Abstract 
The focus of this paper is on the thermal environment simulation of engine combustor inner wall in the ground experiment 
facility. The inner flow and outer flow thermal environment has usually taken place in the inner surface of engine combustor and 
the outer surface of hypersonic vehicle, respectively. These two kinds of thermal environments have been compared by using the 
supersonic rectangle Turbulent Flow Duct (TFD) and arc heater.The arc-heated double-models supersonic rectangle TFD 
experimental technology can commendably simulate the inner flow thermal environment of the engine combustor. The passive, 
semi-passive and active thermal protection structures of combustor can be tested by this technology for the thousands-scale 
exposure periods.© 2014 The Authors. Published by Elsevier Ltd. 
ˊ
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1ˊ Introduction 
The arc heated wind tunnel and arc heater facilities are the dominating facilities in aerothermodynamic ground 
experiment on thermal protection system of hypersonic vehicle. In arcjet operations, high temperature and high 
velocity flow is generated to simulate the thermal environment of hypersonic vehicle. The thermal protection 
material [1], the full scale structure components [2] and parts [3] are tested in the arcjet flows in order to choose the 
thermal protection material and system of the hypersonic vehicle for some types of aims. 
After the Huels-Type arc heater [4] was invented by the German Chemische Huels in 1930s, many experimental 
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technologies have been developed according to the different test demands, such as the supersonic free-jet technology, 
including the stagnation point test [5] and the plate test [6], the TFD technology [7], subsonic shroud technology [8,9] 
and so on. 
As part of Mars Science Laboratory’s heatshield development program, the SLA-561 thermal protection material 
was tested in NASA Ames TFD facility [7]. In order to increase the severity of TFD test conditions, the wall opposite 
to the test model is a non-cooled ceramic plate allowing the ceramic to absorb convective heating and radiate the 
energy back to the test model as the plate heats up, installing the normal watering-cooled steel. 
The thermal protection material in different thermal environment has different heat transfer situation. There are 
mostly two kinds of thermal environment, which are the outer flow and the inner flow, given in Figure 1. The 
thermal environment of the aircraft outer surface [10] is a representative outer flow thermal environment (see Figure 
1(a)). Except convective exchange with upstream flow and conduction exchange with inner structure or material, the 
aircraft outer surface radiates energy to the atmosphere or cold wall, and the radiation heat transfer will evidently 
increase when the surface temperature increases. However, the thermal environment of the engine combustor inner 
surface material [11] is a representative inner flow thermal environment (see Figure 1(b)). The combustor inner 
surface walls with high temperature are face to face. Since the temperature is close, the radiation discharge energy is 
nearly equal to the radiation absorb energy. The net radiation exchange is so little that the heat transfer forms are 
almost convection and conduction.  
 
 
 
 
 
 
 
 
 
Fig. 1 Sketch map of inner flow and outer flow 
 In the material test ground experiment, the primary simulation parameters are heat transfer, pressure, shear 
stress, atmosphere composition and so on. If the effect of upstream flow has been ignored, the ablation mechanism 
and ablation result from the ground experiment, in which the total pressure P0, the total enthalpy H0 and the flight 
speed Ue have been simulated, will be accordant with flight experiment. However, it is so difficult that we can only 
simulate local parameters [12]. That is to say, in the aerothermodynamic ground experiment, we just need to 
quantificationally simulate the local pressure Pe, the local cold-wall heat flux qecw and the local total enthalpy H0 of 
the thermal protection material. In some time, the local cold-wall shear stress also needs to be simulated. The cold-
wall heat flux has been measured in cold wall condition, so if the hot wall isn’t meaningly added to the ground 
experimental thermal environment, the effect of the radiation heat transfer will not have been taken into account, 
and the thermal environment can’t be made a difference between the outer flow and the inner flow thermal 
environment.  
 
 
 
 
 
 
 
 
 
Fig.2 TFD and models installation w 
 
     
(a) Outer flow               (b) Inner flow 
     
(a) Double-models TFD                (b) One-model TFD 
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Based on the difference between these two kinds of thermal environments, the double-models supersonic 
rectangle TFD will be introduced, which can simulate the inner flow thermal environment, as shown in Figure 2(a). 
Opposite the test model is another test model, also as a thermal radiation plate. By way of contrast, Figure 2(b) 
shows traditional one-model supersonic rectangle TFD [13], which usually can be used to simulate the outer flow 
thermal environment of the aircraft outer surface. Opposite the test model is a water-cooled wall of copper, which 
can absorb radiation energy from the test model.  
By measuring the cold-wall heat flux and testing models in a uniform up-stream condition, this paper will 
compare the cold-wall heat flux, the surface and rear temperature of the test models in the inner flow and the outer 
flow thermal environment. It is proved that it is necessary to distinctively treat the material in different employed 
thermal environment. 
2. Facility and Test conditions 
The test facility is a supersonic blow-down TFD facility that uses an electric arc to heat the test gas, in this case 
air, and which can operate for several minutes. It includes 12MW Linde-type arc heater, mixing chamber, 
supersonic rectangle nozzle and TFD (see Figure 3). Each of these components will be mentioned in turn hereafter. 
   
 
 
 
                                    
 
  
 
 
Fig.3 Turbulent flow duct facility 
 The arc heater comprises of a long tube-like front electrode as the anode, a long tube-like rear electrode as the 
cathode, a magnetic coil and a vortex chamber. By the bypass punch-through effect, airflow is injected tangentially 
into the heater, which induces a swirling flow to stabilize and rotate the arc in attachment position. Therefore, the 
arc length is not fixed, but the arc itself is fixed at a relative stationary location with a nearly periodic manner. 
The mixing chamber is the region, where the mixing happens. It is connected to the cathode from a side and to 
the convergent part of the nozzle section to the other side. It permits transverse injection of high pressure ambient air 
with the specific function of reducing the total enthalpy of the flow. 
The arc-heated air is expanded into the mixing chamber, added the cold air to regulate the total enthalpy, through 
a two-dimensional nozzle and reached a stream Mach number of 2.0 and a static pressure respectively 80kPa and 
250kPa. The specific total enthalpy of the stream is 3.0 MJ/kg for the present test, so that the total temperature of 
flow is about 2500K. The test conditions are described in Table 1, which is chosen by the representative conditions 
of engine combustor. The cold-wall heat flux has been measured in case I and II, and the material test experiment 
has been just carried through in case I.  
Table 1 Test condition 
 
 
 
 
The test section is a water-cooled rectangular duct (see Fig.3). The test mode, whose size is 100mm wide by 
100mm high, is a flush-mounted flat panel that forms one wall of the duct. The opposite wall is modified to have a 
same test plate or a water-cooled copper plate, respectively in double-modes duct and one-model duct. As the test 
plate heats up, the water-cooled copper plate can absorb the radiate energy from the test plate, but the same test plate 
 
 Ma H0/(MJ/kg) Pe/kPa 
Case I 2.0 3.0 80 
Case II 2.0 3.0 250 
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can radiate energy back to the test plate since the stream gas is optically thin. The heating size of the test model is 
100mm wide by 90mm high. 
3. Cold-wall Heat Flux Measurement Method and Result 
Nine calorimeters are installed in the calibration model. The distribution situations of the calorimeters are shown 
in Figure 4. The transient slug-type calorimeter [14] has been used to measure the cold-wall heat flux in the outer flow 
and inner flow thermal environment. 
 The transient slug-type calorimeter includes one cylinder slug made of oxygen-free copper, which has very high 
thermal conductivity, and one K thermocouple. The response of the calorimeter is only related with the thickness 
and the physical properties of the slug. Therefore, if the insulation and adiabatic condition between the slug and its 
neighbor protection plate are guaranteed, furthermore, the heat conduction of the thermocouples and the convective 
exchange at the rear surface of the slug are neglected, the expression of the cold-wall heat flux will be written as 
follow: 
  dtdTCq AvPecw  UG,  
Where 
qecw = cold-wall heat flux per unit area 
Cp,Av = specific heat of the slug 
ρ = density of the slug 
δ = thickness of the slug 
dT/dt = rear temperature gradient of the slug 
 
 
 
 
 
 
 
Fig. 4 distribution situations of the Calorimeters 
According to the prediction cold-wall heat flux value, the length of the slug has been chosen to 7mm. So in case 
I and case II, the response time is respectively 0.5s and 0.2s. 
 
 
 
 
 
 
 
 
Fig. 5 Aerodynamic heating analysis of the calorimeter 
The aerodynamic heating analysis of the calorimeters in the outer flow and inner flow thermal environment are 
presented in Figure 5. The calorimeters in the outer flow thermal environment (see Figure 5(a)) will only read the 
cold-wall convective heat flux, no net radiation heat transfer, as a result of the opposite water-cooled wall of copper. 
However, the calorimeters in the inner flow thermal environment (see Figure 5(b)) can read the summation of cold-
wall convection and radiation heat flux, thanks to the opposite plate with high temperature surface. 
The cold-wall heat flux results of two cases in the outer flow and inner flow thermal environment is shown in 
Figure 6. The nine calorimeters have shown the consistent values, the average value of which will be read as the 
 
     
(a) Outer flow          (b) Inner flow 
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cold-wall heat flux value of flow condition. 
The results are twofold as follows: (1) In the uniform up-stream condition, the cold-wall heat flux of inner flow 
is higher than that of outer flow, as a result of the radiation heating from the opposite plate with high temperature 
surface. (2) In two cases, the increments of the cold-wall heat fluxes are nearly equal, about 0.70~0.80MW/m2, 
which is respectively 40% of case I and 21% of case II. It shows that when the cold-wall heat flux increases, the 
effect of radiation heat transfer will gradually decrease. 
 
 
 
 
 
 
 
 
 
Fig.6 Cold-wall heat flux curve in two cases 
4. Material test results 
In case I, the C/SiC composite plates with same formulation design were tested in the outer flow and inner flow 
thermal environments. It lasted for 600 seconds. The model size is 100mm by 100mm, with the thickness of 6mm. 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Surface photos of C/SiC after testing 
The surface photos of C/SiC after testing in two kinds of thermal environments are shown in Figure 7. In the 
inner flow thermal environment, obvious ablation takes place in the surface of C/SiC as shown in Figure 7(a), and 
the surface has been mostly oxidized to form white matter. Many ablation grooves, with the depth of approximately 
0.8mm, distribute in the surface. But in outer flow thermal environment, the material surface has basically no 
ablation and has been partly oxidized to form white matter, as shown in Figure 7(b). 
The ablation data chart of C/SiC in inner flow and outer flow thermal environments are shown in Figure 8. The 
mass loss rate is respectively 2.71 g/(m2·s) and 0.15 g/(m2·s), and the maximal linear ablative rate is respectively 
3.57×10-3 mm/s and 0.33×10-3 mm/s.  
 
 
 
 
 
     
˄a˅Case I       ˄b˅Case II 
    
(a) Inner flow         (b) Outer flow 
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Fig. 8 Ablation data chart of C/SiC 
 The surface photos of C/SiC and the data of mass loss rate and the maximal linear ablative rate shows that the 
model in inner flow has been much more severe ablation than the model in outer flow. 
The Raytek@ dual-wavelength infrared pyrometer, whose measuring range is from 1000ć to 3000ć with 
accuracy of ±0.75%, was used to measure the surface temperature of the models. The test position located 3cm from 
the trailing edge of the plate, which is the nearest position from the plate center that can be observed. The rear 
temperature was measured by B thermocouple, which has the measuring range from 600 to 1800ć with accuracy of 
±0.25%. 
The results of the surface and rear temperature-time curves of models in two kinds of thermal environment are 
shown in Figure 9. When the models reach the thermal equilibrium in the outer flow and the inner flow thermal 
environment, the maximum surface temperature is respectively 1482ć  and 1726ć , and the maximum rear 
temperature is respectively 1322ć and 1413ć. The maximum surface and rear temperature in the inner flow is 
respectively higher about 313ć and 160ć than those in the outer flow.  
 
 
 
 
 
 
 
 
 
 
Fig.9 Temperature-time curves in inner and outer flow 
In the outer flow thermal environment, the model with high surface temperature will radiate energy to water-
cooled wall of copper with low surface temperature. But in the inner flow thermal environment, the model with high 
surface temperature is around the model with close high surface temperature, the net radiation exchange quantity is 
nearly zero. This is the primary reason that the temperature in the inner flow is much higher than that in the outer 
flow in the uniform upstream flow condition. 
5. Thermal protection structures 
 The passive, semi-passive, or active thermal protection structures of combustor can be tested by this technology 
for the thousands-scale exposure periods. The testing thermal protection structures have been attached to the TFD 
wall by means of a retainer plate. Opposite the testing thermal protection structures can be the same testing model, 
and also can be a passive material with high surface temperature. 
 
    
(a) Surface temperature of C/SiC           (b) Rear temperature of C/SiC 
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Fig.10 Thermal protection structure 
The passive thermal protection structure can be the lap joint of different combustor materials, the local groove 
structure of combustor, as shown in Figure 10(a). The active thermal protection structures can be the active-cooling 
plate with different cooling grooves or different cooling fuels, as shown in Figure 10(b). The semi-passive thermal 
protection structure can be the passive and active combined thermal protection structure, as shown in Figure 10(c). 
The model is made up of passive plate and attached to an active thermal protection structures consisting of active 
plate and faceplate with graphite plate, to act as thermal conduction plate. 
6. Conclusions 
By comparing the cooled-wall heat flux and the material ablation results, the test that was conducted in the one-
model and double-models TFD facility accomplished several objectives: 
(1) The Scramjet combustor inner surface thermal protection material should be tested in inner flow thermal 
environment. The dual-model supersonic rectangle TFD can commendably simulate the inner flow thermal 
environment of Scramjet combustor. 
(2) Due to the effect of radiation heat transfer, the cold-wall heat flux of inner flow is higher than that of outer 
flow in a uniform upstream flow condition for the radiation heat transfer. But the effect of radiation heat transfer 
will gradually decrease when the cold-wall heat flux increases. 
(3) In the material test, the thermal protection material in inner flow has been ablated more severely than that in 
outer flow with a uniform up-stream. The mass loss rate, the maximal linear ablative rate, the surface and rear 
temperature of the thermal protection material in inner flow are higher than those in outer flow. 
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